demonstrated that Gynura aurantiaca plants infected by citrus exocortis viroid (CEV) contain RNA complementary to the viroid. In the case ofpotato spindle tuber viroid (PSTV), the minus strand RNA* was shown to be complementary to most, or all, of the PSTV genome (5), an obvious requirement ifit is to act as a template for PSTV synthesis. In addition, after mild nuclease digestion, minus strand RNA was found to be the same size as full-length PSTV (6). Furthermore, Grill et aL (7) recently reported that CEV minus strands might be part of higher molecular weight aggregates. The actual size of viroid minus strands cannot be derived from any of these studies because RNAs were not denatured prior to analysis.
hybridization experiments. Complementary strand nucleic acids detected in extracts ofinfected plants were heterogeneous in size, with four discrete bands containing molecules approximately 700, 1050, 1500, and 1800 nucleotides long. Enzymatic studies indicated that these viroid minus strands are composed exclusively of RNA and, as extracted, are present in complexes containing extensive double-stranded regions. After treatment with several RNases under conditions favoring digestion of single-stranded regions, the high molecular weight minus strands can no longer be detected and roughly unit-length minus strands appear. A model for the structure of the viroid replication intermediate is proposed. Viroids are small single-stranded RNA (ssRNA) molecules that replicate and cause disease symptoms in a wide variety ofplants (1) (2) (3) . As a first step in identifying the pathway of viroid replication, numerous investigators have sought nucleic acids complementary to viroids in extracts of infected and uninfected plants. Grill and Semancik (4) demonstrated that Gynura aurantiaca plants infected by citrus exocortis viroid (CEV) contain RNA complementary to the viroid. In the case ofpotato spindle tuber viroid (PSTV), the minus strand RNA* was shown to be complementary to most, or all, of the PSTV genome (5) , an obvious requirement ifit is to act as a template for PSTV synthesis. In addition, after mild nuclease digestion, minus strand RNA was found to be the same size as full-length PSTV (6) . Furthermore, Grill et aL (7) recently reported that CEV minus strands might be part of higher molecular weight aggregates. The actual size of viroid minus strands cannot be derived from any of these studies because RNAs were not denatured prior to analysis.
In order to analyze the size and composition of PSTV minus strands and to study the structure of the viroid replication intermediate, we have examined nucleic acids from PSTV-infected tomato plants. Two denaturing gel systems along with a variety of enzymatic treatments were used in a series of blot hybridization experiments.
MATERIALS AND METHODS Nucleic Acids. PSTV was propagated in tomato plants (Lycopersicon esculentum cv. Rutgers), extracted (3) , and purified (8) for use as a hybridization probe. Total plant nucleic acids were extracted by using the same method (3) except that the lithium chloride fractionation step was omitted. 32P-Labeled phage T7 early mRNA precursor and 3H-labeled phage fl DNA-RNA hybrids were synthesized by using Escherichia coli RNA polymerase (9, 10); 3H-labeled poly(A-U) was synthesized by using poly(dA-dT) template and E. coli RNA polymerase (11); and 32P-labeled fl DNA was prepared by growing fl-infected E. coli in the presence of [32P]phosphate (12 Fig. 4 for enzyme concentrations). The batches ofenzymes were free of contaminating ssRNA-specific nucleases as assayed by their inability to digest the 7500-base T7 early mRNA precursor (9) or 125I-labeled PSTV (125I-PSTV) (16) .
Tomato nucleic acids (1 mg/ml) were treated with Sankyo RNase T1 (Calbiochem) or pancreatic RNase (Worthington) in 0.25-0.5 ml of0.01 M Tris'HCl, pH 7.6/0.001 M EDTA ("lowsalt" conditions) for 40 
4] (20).
Blot Hybridization Involving Glyoxal-Treated RNA. Nucleic acids were denatured in 1 M glyoxal/50% (vol/vol) dimethyl sulfoxide (21), subjected to horizontal electrophoresis at4°C in 1.6% agarose gels containing 0.01 M sodium phosphate at pH 7.1 (with buffer recirculation), transferred to nitrocellulose, and baked (22) . Filters were washed in 2x NaCl/Cit at 65°C for 1 hr, and hybridization was performed as described above (20) . Dot hybridizations were carried out as described by Thomas (22) .
Other Methods. RNA was labeled in vitro with '"I (New England Nuclear sodium iodide, NEZ 033L) (23) . For two-dimensional ("fingerprint") analysis, "2I-labeled RNA samples were digested in 2,ul of 1 mg/ml RNase T1 in the presence of 10,ug of E. coli tRNA and the products were separated by standard techniques (24) . Radioactive RNAs were detected by autoradiography using Du Pont Cronex 2 x-ray film and LightningPlus intensifying screens at -70°C. Size distributions of RNA preparations were determined under nondenaturing conditions by electrophoresis in 2% acrylamide/0.5% agarose gels (25) . Acid solubilization of radioactive nucleic acids was monitored by precipitation at room temperature in 5% trichloroacetic acid onto Whatman GF/A filters in the presence of 100,ug of bovine serum albumin (11) . Lengths of minus strand RNAs were determined from semilogarithmic plots in which DNA restriction fragments served as size markers (see legend to Fig. 1) .
Size of PSTV Minus Strands. Nucleic acids from PSTV-infected plants were fractionated by electrophoresis using two different denaturing gel systems, transferred to nitrocellulose, and hybridized to '"I-PSTV (Fig. 1) . Most of the nucleic acid that hybridized to PSTV had a much lower electrophoretic Samples in slots a-d were treated with glyoxal and dimethyl sulfoxide and then fractionated in an agarose gel. Samples in slots e-h were treated with formaldehyde and formamide and then fractionated in an agarose gel containing formaldehyde. Nucleic acids were transferred to nitrocellulose. Filters were incubated with 2x TESS (0.16 ml/cm2 of nitrocellulose) containing 125I-PSTV at 200,000 dpm/ml and RNA extracted from uninfected tomato plants at 2 pg/ml, washed, and prepared for autoradiography. Slots a and e, nucleic acids from uninfected tomato plants; slots b and f, nucleic acids from PSTV-infected tomato plants; slots c and g, 4000 dpm of l12I-PSV size marker (359 bases); slots d and h, 3000 dpm of pBR322 [32P]DNA restriction fragments with sizes of 4362 (1), 1631 (2), 516 (3), 506 (3), 396 (4), 344 (5), 298 (6) , 221 (7), 220 (7), 154 (8) , and 75(9) bases (26) . 0 marks the origin of electrophoresis; the arrowhead marks the position of the bromphenol blue dye marker; dots indicate the positions of the four major minus strand bands. mobility than did PSTV itself (compare slots b and f with slots c and g, Fig. 1 ). No viroid-specific nucleic acids were detected in uninfected plants (Fig. 1, slots a and Specificity of Hybridization. Because less than 10% of the input radioactivity bound to the filters in the experiments shown in Fig. 1 , it was necessary to prove that the hybridization bands resulted from hybridization of15I-PSTV and not from hybridization of"2I-labeled host RNA contaminants present in
form this analysis, preparative filter hybridizations were carried out (see Fig. 2 , Insets). 125I-Labeled RNA was recovered from the filters after hybridization and subjected to RNase T1 oli gonucleotide analysis. As shown in Fig. 2 , the hybridized RNA can be readily identified as PSTV itself.
Proof that the Formaldehyde Gel System Is Denaturing. Tc determine whether the formaldehyde gel system is fully denaturing, it was necessary to have a single RNA species in both single-and double-stranded forms. Therefore, influenza virus dsRNA molecules were prepared by hybridizing "2I-labeled genomic RNA to unlabeled mRNA and removing the unhybridized RNA by cellulose CF11 chromatography (14) . This '25I-labeled influenza virus dsRNA had a much lower electrophoretic mobility than the genomic ssRNA used in the hybridization (compare slots i and e of Fig. 3) , demonstrating that high molecular weight complexes were created during the hybridization. Furthermore, the sensitivity of this substrate to E. coli RNase III digestion (Fig. 3, slot k) and the specific inhibition of this digestion by unlabeled competitor (Fig. 3, slot 1 ) demonstrated that it was authentic dsRNA. The RNase III used in these studies was shown to be active and specific by its ability to cleave T7 early mRNA precursor correctly (Fig. 3 , slot c) (9), and its inability to digest influenza virus genomic ssRNA (Fig.  3, slot g ).
To test the denaturing ability ofourformaldehyde gel system, we compared the mobility of the influenza virus dsRNA with influenza virus genomic ssRNA. As shown in Fig. 3, slots 1 were hybridized to 200,000 dpm of 1'2I-PSTV (specific radioactivity 120 x 10s dpm/,g) in 2x TESS containing nucleic acids from uninfected tomato plants at 2 ug/ml. RNA was recovered from the two groups of filters (uninfected yielded 400 dpm; infected, 4000). Insets to B show identical exposures of two filters. The filter on the left (1) contained 100 jig of nucleic acids from uninfected plants and the filter on the right (2) contained 100 ug of nucleic acids from PSTV-infected plants. (B) RNase T1 digest of the RNA recovered after its hybridization to nucleic acids from PSTV-infected plants.
Proc. Natd Acad. Sci formaldehyde gels, demonstrating the ability of this system to denature influenza virus dsRNA. This virus has a G+C content of 43% (29) , as compared to 58% for PSTV (3) .
To see whether the conditions of Fig. 3 ; slots 1 and 2 (treatment with 2.2 M formaldehyde/50% formamide for 15 min at 65°C) would also denature viroid dsRNA, the effect oftreatment at 65°C was compared with treatment at 25, 70, 75, and 800C. Whereas minus strands treated at 25°C remained as large aggregates, a uniform reduction in size was observed in minus strands treated at 650C and all higher temperatures (data not shown), indicating that treatment at 650C resulted in complete denaturation.
We have not tested the denaturing capability of the glyoxal gel system used here, but its ability to denature nucleic acids has been demonstrated previously (21) . Furthermore, profiles of hybridization bands representing viroid minus strands are identical on both the glyoxal and formaldehyde gel systems (compare slots b and f of Fig. 1) .
Properties of Viroid Minus Strands. We undertook a series of nuclease digestion experiments in order to explore further the nature of viroid minus strands and to determine whether any regions ofthe minus strands in our nucleic acid preparations were involved in duplex structure. As mentioned above (see Fig. 1 ) and as shown in slots a of Figs. 4 and 5, no viroid minus strands were detected in nucleic acids extracted from uninfected tomato plants, whereas a highly specific pattern ofminus strands was observed in nucleic acids extracted from PSTV-infected tomato plants. This minus strand profile was not altered by DNase treatment (slots f of Figs. 4 and 5), indicating that regions complementary to the viroid are not composed of DNA or covalently linked to DNA. Treatment with pancreatic RNase under low-salt conditions completely eliminated viroid minus strands (Fig. 5, slot j) , demonstrating that the minus strands are composed of RNA. Nucleic acid preparations were digested with RNase III to see whether PSTV minus strands were present in complexes with double-stranded regions. This enzyme digests dsRNA containing a minimum of 15 uninterrupted base pairs. RNase III does not digest PSTV (16) itself; however, it does digest RNA-RNA duplexes composed of PSTV and minus strand RNA (5) . After RNase III digestion, minus strand RNA was reduced in quantity and also in size (Fig. 4, slots h and i, and Fig. 5, slot  g ). Inhibition of this reaction by the addition of dsRNA competitor (Fig. 4, slot j and Fig. 5, slot h ) provided further evidence that cleavages responsible for these changes occurred within authentic double-stranded regions. Because the RNase III preparation used here contained low levels ofRNase H (16), it was necessary to determine whether the minus strands were digested by highly purified RNase H. They were RNase H resistant (Fig. 4, slot m and Fig. 5, slot i) .
A further demonstration that complexes containing PSTV minus strands possess double-stranded regions was their resistance to pancreatic RNase digestion in high salt (Fig. 5, slot k) and their susceptibility in low salt (Fig. 5, slotj) . The pancreatic RNase-resistant regions are approximately the same size as PSTV itself (compare slots k and n in Fig. 5 ). After digestion with RNase T2 under conditions that allowed limited digestion of double-stranded RNA (see Materials and Methods), some viroid-sized molecules remained, but most were smaller (Fig. 4 , slot g and Fig. 5, slot 1) . In contrast, after gentle RNase T1 digestion, a well-defined band of RNA complementary to PSTV, but which appeared to be about 40 nucleotides longer than unitlength PSTV, was observed (compare slots k and 1 of Fig. 4 or of plant nucleic acids treated as described in the legend to Fig. 4 were analyzed by the blot hybridization technique, using formaldehyde gels. slots m and n of Fig. 5) . Thus, at least some RNA species containing viroid minus strands appear to have viroid-length regions of double-stranded structure flanked by single-stranded regions.
Because no unit-length minus strands were observed in undigested RNA samples, a reconstruction experiment was performed to assess our potential for detecting them. Unit-length minus strands (created by pancreatic RNase treatment in high salt-see Fig. 5 , slot k) were subjected to electrophoresis with and without 10 ng of unlabeled PSTV and used in blot hybridization experiments. No hybridization could be detected between the 125I-PSTV probe and the sample containing unitlength minus strands and unlabeled PSTV (data not shown). Because unlabeled PSTV, which is present in significant quantities in RNA from infected plants, hinders detection of unitlength minus strands it is not possible to-determine whether they exist in vivo from the experiments described in this report. DISCUSSION We have determined the size and composition of nucleic acid species complementary to PSTV through a series of blot hybridization experiments in which fully denaturing conditions were used. This studyprovides strongevidence that longer-thanunit-length PSTV minus strands exist. In addition, we found that complementary molecules (i) are present at detectable levels only in extracts of PSTV-infected plants; (ii) (20, 28) , contain RNA complementary to the entire genome (5) , and possess readily detectable levels of long RNA (see Fig. 1 ), it is likely that these longer than unitlength minus strands play a role in viroid replication. Taking into consideration the fact that minus strands in our nucleic acid preparations were part of complexes containing double-stranded regions the length of PSTV itself, we propose (i) that these complexes reflect the structure of viroid replication intermediates,
(ii) that the minus strands of these intermediates are composed of approximately viroid-length tandem repeats, and (iii) that the plus strands present in these intermediates are unit length. One straightforward mechanism for production oflong minus strands is based on the rolling circle model for plus strand synthesis of the DNA bacteriophage 4X174 (34 Studies to determine the sequence composition of the long minus strands and to determine whether unit-length plus strands are synthesized directly or are produced from longer precursors will shed further light on the replication pathway used by these unusual pathogens.
